Technical Abstract:
The overall goal of the project is to develop advanced computational models for analysis of the effect of external flow on material removal in laser ablation of metals in oxidizing environment and under the influence of air flow. A multi-scale computational approach combining several computational methods, from atomistic to continuum, is adopted for investigation of different aspects of the ablation process with different spatial resolutions and different level of accuracy. The main focus of the computational effort is on providing the physical understanding of the combined effect of the laser energy deposition, chemical reactions, and air flow on the material removal rate and the nature of laser damage/modification of the irradiated target. Some of the key results of this project are as follows.
(1) Carbon pyrolysis and oxidation model is developed. The model includes an accurate description of the surface interface conditions with heat and mass transfer. The carbon pyrolysis and oxidation model are applied for analysis of laser heating effects (surface temperature) and flow velocity, as well as the effect of sample porosity elucidated using porous and non-porous heterogeneous kinetic approaches.
(2) An advanced computational model for two-phase hydrodynamic simulations of continuous wave (CW) laser interactions with metals is developed and used for investigation of the relative contributions of the recoil vapor pressure and Marangoni effects on the melt dynamics and meltthrough time in the laser melting of free-standing aluminum films. A series of simulations performed with this model reveal the conditions when the Al melt expulsion is dominated by either vapor pressure recoil or Marangoni effect.
(3) A multi-phase computational model for the CW laser heating, melting, and vaporization of Al films with air flow is developed. The direct simulation Monte Carlo method enhanced with a simplified description of Al vapor burning in air is used in the simulations. Vapor expansion from Al target irradiated by a continuous wave laser into a supersonic external air flow is investigated in kinetic simulations performed for a broad range of pressure in the external flow. The results of the simulations reveal a significant effect of the external gas pressure on the flow structures and the mechanisms of the alumina and oxygen transport to the target surface.
DISTRIBUTION A: Distribution approved for public release (4) New methods for incorporation of the description of a transparent overlayer (or an oxide layer) into a hybrid atomistic -continuum computational model is developed and applied for investigation of the distinct characteristics of short pulse laser interactions with a metal target under conditions of spatial confinement by a solid transparent overlayer.
(5) Surface nanostructuring by short laser pulses is investigated in the irradiation regime close to the ablation/spallation thresholds. The conditions for the formation of nanocrystalline surface layer, sub-surface voids (surface swelling), and frozen surface nanospikes with unusual polyicosahedral nanostructure are elucidated. At small values of pressure, the transport of both alumina and oxygen is controlled by diffusion and the formation of alumina film on the surface of the laser spot is dominated by the direct sedimentation of alumina from the gas flow. In this regime, the flux of oxygen to the laser spot is by an order of magnitude smaller than that of alumina. At higher values of pressure, the diffusion cannot directly deliver oxygen and alumina to the surface of the laser spot, but the circulating flow generated upstream the spot can effectively trap alumina formed in the flame zone and deposit it to the target surface. In this regime, the likely mechanism of the alumina film formation within the spot is the heterogeneous oxidation and growth of the film from the upstream edge of the spot in the downstream direction. A numerical method based on the pseudo-compressibility formulation and upwind differencing is developed for two-phase hydrodynamic simulations of CW laser melting of metal films. This method is used to study the relative contributions of the recoil vapor pressure and Marangoni effects on the melt dynamics and melt-through time in the laser melting of free-standing aluminum films. The hydrodynamic simulations in the range of the film thickness from 0.2 mm to 4 mm and laser spot radius from 0.1 mm to 1 cm reveal only a marginal effect of the Marangoni stresses on the overall picture of the melt flow and melt-through time. The recoil effect, on the contrary, is found to be capable of sharply decreasing the melt-through time in a certain range of laser intensities. Below that range, the melting is dominated by the radial thermal transfer. Above that range, an active evaporation from the irradiated surface reduces the effectiveness of the melt expulsion. The range of laser intensities, where the melting is dominated by the recoil effect is not uniquely defined by the laser intensity and depends on the film thickness. A simple two-phase one-dimensional thermal model of laser melting, where the expulsion velocity due to the recoil effect is accounted for based on the Bernoulli integral, is developed to predict the melt-through time. This model is capable of capturing all qualitative trends revealed in the direct hydrodynamic simulations and accurately predicts the melt-through time above certain threshold laser intensity. The one-dimensional model can be used a robust engineering tool for the first-order estimates of the CW laser damage of metal films. The relatively large lateral size of the computational systems used in the simulations enables a detailed analysis of the evolution of multiple voids generated in a sub-surface region of the irradiated target in the spallation regime, when the material ejection is driven by the DISTRIBUTION A: Distribution approved for public release relaxation of laser-induced stresses. The nucleation, growth, and coalescence of voids take place within a broad (~100 nm) region of the target, leading to the formation of a transient foamy structure of interconnected liquid regions and eventual separation (or spallation) of a thin liquid layer from the bulk of the target. The thickness of the spalled layer is decreasing from the maximum of ~50 nm while the temperature and ejection velocity are increasing with increasing fluence. At a fluence of ~2.5 times the spallation threshold, the top part of the target reaches the conditions for an explosive decomposition into vapor and small clusters/droplets, marking the transition to the phase explosion regime of laser ablation. This transition is signified by a change in the composition of the ablation plume from large liquid droplets to a mixture of vapor-phase atoms and clusters/droplets of different sizes. The clusters of different sizes are spatially segregated in the expanding ablation plume, where small/medium size clusters present in the middle of the plume are followed by slower (velocities of less than 3 km/s) large droplets consisting of more than 10,000 atoms. Structural transformations in a shallow surface regions of bulk metal targets irradiated by femtosecond laser pulses are investigated in large-scale atomistic simulations. The simulations reveal a complex interplay of fast laser melting, rapid resolidification, and dynamic relaxation of laserinduced stresses that leads to the formation of a subsurface porous region covered by a nanocrystalline surface layer. The generation of the porous region is consistent with the experimental observation of surface "swelling" occurring at laser fluences below the spallation/ablation threshold and may be related to the incubation effect in multipulse laser ablation of metals. The nanocrystalline layer is produced by massive nucleation of crystallites triggered by a deep undercooling of the melted surface region experiencing fast quenching at a rate on the order of 10 11 K/s. The predicted surface structure features random crystallographic orientation of nanograins and a high density of stacking faults, twins, and nanoscale twinned structural elements with fivefold symmetry, which suggests high hardness and possible enhancement of catalytic activity of the surface. At a higher laser fluence, above the spallation threshold, the generation of frozen nanospikes with an unusual structure represented by a continuous network of pentagonal twinned structural elements arranged into a polyicosahedral structure is observed. (6) Carbon surface oxidation in a reacting boundary layer with detailed kinetics: Complex interaction between homogeneous gas-phase kinetics and heterogeneous surface kinetics over a reacting carbon surface was investigated by considering a surface heated by a continuous CO 2 -laser source. The overall reactivity of the surface was parameterized by free-stream velocity, surface temperature due to laser heating, and the porosity of the material. The companion DISTRIBUTION A: Distribution approved for public release experiments were performed at AFIT by Dr. Perram's group. Figure 6 shows the computational domain implemented with the heated carbon sample highlighted by red, while Figure 7 shows a typical contour plot of major species over a non-porous carbon surface with a density of ~2.2 gm/cm 3 . Figure 7a corresponds to a low laser fluence case with the sample surface temperature held constant at 1800 K and Figure 7 corresponds to a high temperature case of 2600 K. The temperature dependence can be related to the large activation energy of key carbon oxidation reactions, C s +1/2O 2 →CO (R1), C s +CO 2 →2CO (R2), C s +H 2 O→CO+H 2 (R3), while the flow velocity influences the overall reactivity due to transport of species across reacting boundary layer and time available for chemical reactions, i.e. finite Damkohler number (ratio of diffusion time to chemical reaction time) effect. The sample porosity affects the number of active sites available in thin porous layer of the sample at the interface between the gas and the sold, which is accounted in the pre-exponential collision frequency term of the semi-global surface reaction expressions. The CO formed at the surface by reactions R1-R3 diffuses to the gas-phase and undergoes homogeneous oxidation. The latter depends on the availability of OH (wet CO oxidation chemistry) and also depends strongly on the flow residence time and surface temperature. The low Damkohler conditions at the leading edge lead of the sample leads to a homogeneous reaction kernel while in the downstream region, a diffusion controlled reaction front is established. Such differences may manifest as an attached CO flame or detached CO flame, as shown in Figure 8 . The hyper-spectral image studies at AFIT was focused on observing these subtle reacting flow structure variations by measuring the key species CO, O 2 , CO 2 , H 2 O, etc. with sufficient resolution. (7) Carbon surface oxidation in a stagnating-point flow field with detailed kinetics: Besides ablation/oxidation of carbon surfaces described in section 6 in reacting boundary layers with the free-stream velocity parallel to the surface, another useful configuration is the reaction occurring in a stagnating-point flow filed. This configuration may correspond to the nose of a missile as illustrated in Figure 9 . In this configuration, the detached CO-oxidation flame is a strong function of the flow strain effects, which can also be characterized by the Damkohler number. Parametric investigations were performed in this configuration to support the experiments being performed at AFIT to obtain fundamental data on the structure due to coupled heterogeneoushomogeneous reaction system. One key objective was to explore the ideal surface temperature and moisture content that yields the maximum CO 2 layer thickness that is suitable for hyperspectral imaging investigations, as shown in Figure 10 . Unlike the parallel reacting boundary layer flow filed considered in section (6), the present stagnation-point flow offers much finer control of the interaction between the homogeneous and heterogeneous chemistry as well as experimental exploration of the flame structure. Figure 11 shows the predicted CO 2 mole fraction contour plot indicating the stabilization of a detached CO 2 layer over the laser heated carbon surface, while Figure 12 shows a line plot of major species normal to the surface. Experimental quantification of this flame structure can provide the first ever detailed validation of the complex interaction between semi-global heterogeneous chemical kinetic models and detailed homogeneous CO-oxidation models assuming that the hyper-spectral imaging camera at AFIT can resolve reaction layer thickness of the order of 3 mm.
DISTRIBUTION A: Distribution approved for public release The counterflow stagnating-point flow geometry was also used to validate the computational approach adopted by considering the details of the reacting flow structure of a well-known hydrogen chemistry model. As part of this investigation, the effects of nozzle diameter and nozzle separation distance from the stagnation plane, a nagging fundamental issue was addressed in great detailed as part of this work, and is expected to have a significant and lasting impact in the combustion field. 
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Abstract
The overall goal of the project was to develop advanced computational models for analysis of the effect of external flow on material removal in laser ablation of metals in oxidizing environment and under the influence of air flow. The models are applied for investigation of the combined effect of the laser energy deposition, chemical reactions, and air flow on the material removal rate and the nature of laser damage/modification of irradiated targets. The results of this project include the elucidation of (1) the relative contributions of the recoil vapor pressure and Marangoni effects on the melt dynamics and meltthrough time in the laser melting of free-standing aluminum films, (2) the effect of the external gas pressure on the flow structures and the mechanisms of the alumina and oxygen transport to the target surface, (3) the distinct characteristics of short pulse laser interactions with a metal target under conditions of spatial confinement by a solid transparent overlayer, (4) the conditions for the formation of nanocrystalline surface layer, sub-surface voids, and frozen surface nanospikes in surface nanostructuring by short laser pulses, (5) the effect of sample porosity on laser-induced carbon pyrolysis and oxidation.
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